Replicative senescence is the state of irreversible proliferative arrest that occurs as a concomitant of progressive telomere shortening. By using cDNA microarrays and the GABRIEL system of computer programs to apply domain-specific and procedural knowledge for data analysis, we investigated global changes in gene transcription occurring during replicative senescence in human fibroblasts and mammary epithelial cells (HMECs). Here we report the identification of transcriptional ''fingerprints'' unique to senescence, the finding that gene expression perturbations during senescence differ greatly in fibroblasts and HMECs, and the discovery that despite the disparate nature of the chromosomal loci affected by senescence in fibroblasts and HMECs, the up-regulated loci in both types of cells show physical clustering. This clustering, which contrasts with the random distribution of genes downregulated during senescence or up-regulated during reversible proliferative arrest (i.e., quiescence), supports the view that replicative senescence is associated with alteration of chromatin structure.
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telomere ͉ chromosomal clustering ͉ chromatin ͉ microarray ͉ replicative arrest N ormal somatic cells have a limited capacity for division in culture and eventually enter a state of irreversible proliferative arrest termed replicative senescence (1) . The irreversibility of replicative senescence contrasts with the transient and reversible nature of physiologically induced arrest (i.e., quiescence). It has been suggested that the limited replicative potential of normal cells sets a barrier against the accumulation of the multiple mutations required for neoplastic transformation, and consequently, that senescence is a tumor suppression mechanism (2, 3) . It also has been suggested that the loss of proliferative capacity during replicative senescence may represent aging at the cellular level (4, 5) .
The occurrence of replicative senescence is determined by the number of times that a cell population divides, suggesting that a mitotic clock records cell divisions (6) . In normal human somatic cells, which lack the activity of the telomere-lengthening enzyme telomerase (7, 8) , telomere shortening may contribute to this clock (9) . Progressive shortening of telomeres during each cell division has been proposed to eventually truncate telomeres to a critical length or to create an altered telomere state (9) (10) (11) . It has been hypothesized that such shortened or altered telomeres lose protection by telomere-binding ''capping'' proteins and consequently signal activation of the events leading to senescence (10) (11) (12) .
In human fibroblasts, replicative senescence of the population occurs after a finite mean number of cell divisions in culture, and expression of the telomerase catalytic subunit (hTERT) abrogates this arrest (13) . Human mammary epithelial cells (HMECs) can experience two modes of proliferative arrest: M0 and M1 (14, 15) . M0, which occurs after a few divisions of HMECs cultured under ordinary conditions, is not associated with telomere shortening (16) and not reversed by adventitious expression of hTERT (17) . A small subset of M0 cells (10 Ϫ4 to 10
Ϫ5
) inactivates p16INK4A in a process termed ''selection'' (18, 19) and continues to proliferate, experiencing progressive telomere shortening (16) and eventually entering a permanent state of proliferative arrest termed M1. M1, also termed ''agonescence'' (16), represents telomere-dependent senescence in HMECs and is abrogated by production of telomerase (17) . When feeder layers are used to culture HMECs, M0 and p16INK4A inactivation do not occur, and proliferation of the population continues until telomere shortening leads to M1 (20, 21) .
There is evidence that replicative senescence is a genetically dominant trait (22, 23) , and studies using subtraction hybridization, differential display, or DNA microarrays have identified genes whose expression is altered in senescent cells (24) (25) (26) . However, evidence that such alterations in gene expression are unique to senescence rather than being related nonspecifically to the cessation of cell proliferation, or even are a general feature of senescent cells, has been lacking. ␤-Galactosidase activity at pH 6 has been used as a marker for senescence (27) , but it is induced also by a variety of other stress-promoting events (28) and its specificity has been questioned (20, 29) .
We wished to determine whether telomere-dependent senescence is associated with specific transcriptional changes that globally can be used as a senescence ''fingerprint,'' to identify functions and locations of genes whose expression is altered during senescence, and to learn whether different cell types undergoing telomere-dependent arrest of proliferation show similar or disparate transcriptional changes. By using cDNA microarrays to concurrently compare the expression of 31,000 genes in senescent, quiescent, and early passage proliferating cells, we identified distinct transcriptional perturbations that characterize telomere-dependent irreversible proliferative arrest in human fibroblasts and HMECs. Remarkably, we found that while genes showing altered expression during replicative senescence differ dramatically in these two types of cells, up-regulated senescence-specific genes were chromosomally clustered in both types of cells.
briefly, cells were plated at a near-confluent density, cultured with daily medium change for 3 days, and harvested after 3 additional days.
cDNA Microarray Experiments. cDNA microarrays on glass slides were made essentially as described (30) . Detailed protocols are available at http:͞͞cmgm.stanford.edu͞pbrown͞array.html. We used microarrays containing 31,104 sequence-verified IMAGE clones corresponding to about 11,000 named genes and 20,000 unknown ESTs, Ϸ2,000 of which are highly homologous to known genes.
Poly(A)-RNA was isolated from cell cultures by using the FastTrack 2.0 kit (Invitrogen). Two-microgram aliquots of poly(A)-RNA were labeled by reverse transcription with Superscript II enzyme (Invitrogen) and oligo(dT) 18 primer (New England Biolabs) in the presence of Cy3-dUTP or Cy5-dUTP (Amersham Pharmacia). Slides were hybridized for about 16 h in a 65°C water bath and scanned at 10-m resolution with a GENEPIX 4000B scanner (Axon Instruments, Union City, CA).
Data Analysis. Microarray images were analyzed using GENEPIX PRO 3.0 software (Axon Instruments). The image files, GENEPIX settings, and GENEPIX data files were uploaded into and are available on the Stanford Microarray Database (http:͞͞genome-www5.stanford.edu͞MicroArray͞SMD). Arrays were normalized by using a computer-based procedure that identified spots having Ͼ65% of pixels showing intensities at least 1.5 times greater than background for both the Cy3 (G) and Cy5 (R) channels. R͞G ratios were calculated for these spots after subtraction of background. The mean log 2 (R͞G) for the spots was set equal to zero, and this value was applied to the Cy5 channel to obtain its normalized intensity. Data filters excluded spots flagged by GENEPIX software as unsuitable for analysis and then selected spots showing net intensities in either channel that were at least twice the corresponding background intensity. Only spots that passed data filters in 75% or more of the arrays were used for analysis.
Data were analyzed by GABRIEL (http:͞͞gabriel.stanford.edu) (31) . Pearson correlation coefficients were calculated between pairs of microarrays using all spots that satisfied filter parameters. A modified t-score (32) was used to determine the significance of transcriptional alterations. We permuted data from all spots randomly 5,000 times to determine the rate at which random data exceeded modified t-score thresholds and defined this value as the false positive rate (FPR). To estimate the false negative rate (FNR), we randomly selected 30 genes whose expression exceeded the modified t-score thresholds and added log 2 (R͞G) ratios randomly selected from spots that passed data filters (i.e., ''noise''); FNR was defined by how frequently the average expression level of these proband genes became negative after noise was added. Calculated FPR and FNR values assume that none of the changes in randomly selected data have biological significance. Additionally, as the selection of t-score thresholds that produced nonoverlapping gene groupings constrained the independence of FPRs and FNRs, the calculated FPR and FNR values for some gene groupings are overestimates.
Genes were classified according to their annotated role in biological processes or their cellular locations retrieved from SOURCE (http:͞͞source.stanford.edu). Enrichment of a particular class of genes was determined by comparison with randomly selected gene lists of the same size. For analysis of chromosomal clustering, we retrieved the chromosomal locations for all IMAGE clones from the human genome working draft (April 2002; http:͞͞genome.ucsc.edu) using their accession numbers. The number of chromosomal clusters and the number of genes in these clusters then were compared with the average number of clusters or clustered genes from randomly sampled lists of the same size.
Results

Gene Expression Fingerprints of Senescence in Human Fibroblasts.
Senescent populations of the normal human fibroblast cell lines WS1, WI38, and BJ were obtained by serial passage until the cell population doubling time was greater than 2 weeks. Flow cytometry analysis indicated arrest mainly in G 1 ͞G 0 , with a small fraction of cells showing arrest in G 2 ͞M. Virtually all cells in senescent fibroblast populations stained positive for ␤-galactosidase activity at pH 6, as assessed microscopically. Transcript abundance in each senescent population was compared with abundance in isogenic early passage proliferating cells (24-32 population doublings) and also with abundance in early passage cells induced by contact inhibition to enter reversible arrest in G 1 ͞G 0 . Perturbations associated specifically with senescence were identified as described in Materials and Methods.
Initial examination of gene expression showed high Pearson correlation coefficients (0.6-0.8) for the three senescent human fibroblast cell lines we studied, and consequently, our analysis treated results from these lines as biological repeats. Changes in transcript abundance occurring during senescence in human fibroblasts, as compared with early passage proliferating cells or quiescent cells, were designated as senescence-specific (P Ͻ 0.001). The 376 up-regulated genes and 313 down-regulated genes (Table 1; annotated gene lists are shown in Tables 5 and  6 , which are published as supporting information on the PNAS web site, www.pnas.org) define a fingerprint globally characteristic of replicative senescence in human fibroblasts. As seen in Fig. 1 , genes encoding proteins having particular functions or cellular locations (function-related gene ontology annotations; http:͞͞www.geneontology.org) are represented differentially and disproportionately in the two groupings. For example, 48.1% of annotated senescence-specific up-regulated genes have been designated as membrane-associated proteins (P ϭ 0.005), 10.5% relate to apoptosis (P ϭ 0.017), and 15.8% to transport (P ϭ 0.02). The proteins encoded by 48 of the 80 annotated genes Gene numbers designate Unigenes whose altered expression was determined as described in Materials and Methods. FPR and FNR were calculated as similarly described.
down-regulated specifically during senescence (60%) are designated as being nuclear (P Ͻ 0.001), 17.9% (P ϭ 0.02) are involved in cell cycle regulation, and 21.4% (P ϭ 0.036) are involved in transcription.
Certain transcripts differed in abundance in quiescent fibroblasts relative to senescent and proliferating cells (Table 1;  annotated gene lists are shown in Tables 7 and 8 , which are published as supporting information on the PNAS web site), consistent with evidence that senescence and quiescence are initiated by different biological events (33) . However, certain transcripts were affected in common by these two types of proliferative arrest and were termed proliferative-arrestassociated (Table 1; annotated gene lists are shown in Tables 9  and 10 , which are published as supporting information on the PNAS web site). As had been observed for senescence-specific transcripts, certain functions and cellular locations were represented disproportionately in proliferative-arrest-associated upand down-regulated gene groupings (Fig. 1) .
Clustering of Chromosomal Loci Specifically Up-Regulated During
Senescence. During our analysis of senescence-specific gene expression in human fibroblasts, we observed that the incidence of genes up-regulated during senescence varied substantially on different chromosomes and was independent of chromosome length (Fig. 2A) . To investigate a possible relationship between senescence-specific gene expression and gene location, chromosomal positions for IMAGE clones were retrieved from the human genome working draft (April 2002; http:͞͞genome.ucsc.edu); IMAGE clones corresponding to the same Unigene cluster ID were considered as the same gene. A chromosomal gene cluster was defined as two or more genes (minimal number indicated by n) located within a specified linear distance (d). The incidence of clusters and clustered genes was compared with values generated from randomly sampled lists of the same size using a range of values for n and d and the procedures described in Materials and Methods.
By using 1 Mb as the distance defining cluster boundaries (i.e., d; Table 2 ), clustering of 150 of the 376 genes upregulated specifically during senescence in human fibroblasts was observed; the incidence of clustering in this gene group was Ϸ30% higher than the average incidence of clustering among 376 randomly selected genes (P ϭ 0.002) analyzed by using the same parameters (Table 2) . A comparable number of genes down-regulated during senescence showed no evidence of clustering (Tables 2 and 3 ). The 150 clustered up-regulated genes were present in a total of 60 groupings of 2 to 6 genes. Five clusters containing a total of 14 genes included members of annotated gene families. Clustering of up-regulated senescence-specific genes also was observed using d values down to 1 Kb or n values of 2 to 4 to define a cluster (Tables 2 and 3) . As chromosomal locations of IMAGE clones represent segments of full-length genes, calculated intergeneic distances are overestimates of actual distances; consequently, clustering frequencies of up-regulated senescence-specific genes are likely to be underestimates.
As shown in Fig. 2B , a disproportionately high number of clustered up-regulated senescence-specific genes were located on chromosomes 19 (P Ͻ 0.001), 20 (P Ͻ 0.01), 18, and 6 (P Ͻ 0.05). This disproportionality was independent of the density of expressed and͞or ascertained genes on these chromosomes. For is indicated by asterisks: * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001. example, chromosomes 19 and 17 contained a similar number of genes (407 and 420, respectively) giving valid expression measurements as defined in Materials and Methods, but twice the number of genes on chromosome 19 showed up-regulation during senescence (40 vs. 20) ; 82.5% of these genes were located within 1 Mb of another up-regulated gene and were distributed in 12 chromosomal clusters. We also observed clustering of genes whose transcripts were up-regulated in both senescence and quiescence, but not for genes whose up-regulation was restricted to quiescence (shown in Table 11 , which is published as supporting information on the PNAS web site). Increasing the number of genes required to define a cluster did not change the clustering status of these groups (shown in Table 12 , which is published as supporting information on the PNAS web site). Interestingly, whereas no clustering of genes down-regulated during senescence in fibroblasts had been observed, downregulated quiescence-specific genes showed nonrandom chromosomal distribution (shown in Table 11 ).
Disparate Gene Expression Profiles in Senescent HMECs. Senescence in postselection HMECs (i.e., M1), like senescence in human fibroblasts, is accompanied by telomere shortening (16) and is reversed by ectopic expression of telomerase (17) . We isolated senescent populations of HMEC lines 48R and 184 as described for fibroblasts; these stained positive for ␤-galactosidase activity at pH 6 and were found by flow cytometry to be arrested in either G 1 ͞G 0 or G 2 ͞M. To learn whether HMECs show senescencespecific transcriptional fingerprints similar to those of fibroblasts and͞or gene clustering, we compared transcript abundance in senescent HMECs with abundance in isogenic proliferating early passage HMECs (passage 7-10) and HMECs subjected to contact inhibition, which like M1 leads to HMEC growth arrest in G 1 ͞G 0 or G 2 ͞M. In contrast to the expression perturbations and clustering patterns observed in common among the three senescent human fibroblast cell lines we studied, relatively few genes showed expression changes common to both HMEC lines (overall Pearson correlation coefficient Ϸ0.3) ( Table 1 and  Tables 13 and 14 , which are published as supporting information on the PNAS web site). Genes affected in individual HMEC lines during senescence are listed in Tables 15-18 , which are published as supporting information on the PNAS web site. Moreover, gene expression changes in senescent HMECs were dramatically different from those in senescent fibroblasts ( Fig. 3 ; also shown in Tables 5, 6 , and 13-18), despite the common role of telomere shortening in precipitating replicative arrest in these cell types. Only five genes up-regulated and seven genes down-regulated in both HMEC cell lines during senescence showed similar regulation in senescent fibroblasts. However, notwithstanding the distinctly different identities of genes up-regulated in the two senescent HMEC lines, the up-regulated genes showed chromosomal clustering in both (Fig. 3 and Table 4 ). As had been observed for genes down-regulated during senescence in fibroblasts, genes down-regulated in each HMEC lines during senescence showed no physical association beyond random chance (shown in Table 19 , which is published as supporting information on the PNAS web site).
Discussion
Whereas irreversible proliferative arrest is mediated by telomere shortening and is abrogated by adventitious expression of hTERT in both human fibroblasts and HMECs, the transcriptional changes occurring during such arrest were different in these cell types. Gene expression perturbations common to replicative senescence in three fibroblast lines derived from fetal of boundary distance (d) on the determination of  chromosomal clustering for genes up-regulated (376 genes) A chromosomal cluster was defined as two or more genes located within the specified distance. Observed (OBS) values indicate the number of chromosomal clusters and clustered genes identified using the parameters shown. Randomly expected (RE) values indicate the average number of false-positive clusters or clustered genes estimated by the bootstrapping algorithm described in Materials and Methods. P values indicate the probability that the difference between the observed and calculated incidence of clusters or clustered genes is due to random chance. The number of genes required to constitute a chromosomal cluster is indicated. Parameters are as described for Table 2 .
skin, foreskin, and fetal lung were observed, whereas transcriptional changes in two breast-derived HMEC lines differed from each other and from the perturbations observed in fibroblasts. The commonality of gene expression changes during senescence in fibroblasts now provides a fingerprint for the senescence state in such cells and additionally identifies specific cellular functions likely to be affected by senescence. Whether the differences between the senescent fibroblasts and postselection senescent HMECs we studied are related to methylation͞inactivation of p16INK4A in these HMECs is not known. The lack of commonality of senescence-specific gene expression changes among HMEC lines is consistent with evidence that senescent HMECs show extensive genetic instability in culture (16) . Surprisingly, however, despite the different identities of genes up-regulated during senescence in fibroblasts and HMECs, and in HMEC lines of disparate origin, up-regulated genes in all of the senescent cell lines we examined showed the common property of chromosomal clustering.
Several mechanisms have been proposed to account for the irreversible proliferative arrest accompanying telomere shortening. One hypothesis is that telomere shortening causes uncapping or structural alteration of telomeres, yielding chromosome ends recognized as DNA breaks and inducing a DNA damage response (9) (10) (11) (12) . Whereas certain DNA damaging agents and other stresses have in fact been found to induce a senescence-like proliferative arrest phenotype (28, 34, 35) , it is unclear whether this phenotype represents true senescence (36, 37) . If senescence is indeed a response to DNA damage, the extensive differences in senescence-specific gene expression observed between human fibroblasts and HMECs would imply that the effects of DNA damage must vary according to cell type and line.
It also has been proposed that telomere shortening may activate ordinarily silent human ''senescence genes'' located in The occurrence of perturbed gene expression in two or more genes located within the distance shown defined a chromosomal cluster. Parameters are as indicated for Table 2 .
subtelomeric regions (38) . Although subtelomeric silencing is a well demonstrated phenomenon (39, 40) , the genes we found to be up-regulated during senescence were not located disproportionately in subtelomeric regions, and we did not detect altered expression of known subtelomeric genes (e.g., some olfactory receptor family genes, IL9 receptor, and RABL2B) during senescence.
Chromosomal clustering of genes whose expression was upregulated during senescence was a prominent and unexpected finding that contrasted with the generally random distribution of genes we observed to be down-regulated during senescence, or genes whose up-regulation was limited to quiescence. Earlier evidence that histone deacetylase inhibitors, which decondense chromatins, can induce a senescence-like state in human fibroblasts (41) has led to the suggestion that the opening of certain chromatin domains (i.e., conversion of heterochromatins to euchromatins) may be a feature of replicative senescence (42, 43) . Possibly related to chromatin alteration during senescence, over-expression of a histone deacetylase, Sir2, can extend life span in Saccharomyces cerevisiae and Caenorhabditis elegans (44, 45) , and its mammalian homolog SIRT1 can antagonize PML͞ p53-induced senescence (46) . Our results support the view that processes occurring during senescence may lead to localized alterations in chromatin structure and the consequent upregulation of groups of genes within ''opened'' domains.
Chromosomal clustering of genes showing congruent expression recently has been observed for yeast (47) , for certain highly expressed human genes (48, 49) , in C. elegans, where genes expressed in muscle are clustered in groups of 2-5 (50) , and in Drosophila (51, 52) . Although it has been suggested that chromosomal clustering may be a general concomitant of concurrent up-regulation of gene expression (51), our finding that genes up-regulated specifically during replicative senescence but not genes up-regulated uniquely in quiescence show chromosomal clustering does not support this notion.
